Resin Transfer Molding (RTM) has drawn interest in recent years as an attractive technique for the manufacture of advanced ber reinforced composite materials. A major issue in this new manufacturing process is the reduction of voids during the resin ll process so that products with high quality are manufactured. Process modeling is particularly useful in understanding, designing, and optimizing the process conditions. The purpose of this paper is to illustrate the important application of mathematical and numerical modeling to this industrial problem. First, an overview of the RTM process, its manufacturing problems, and related background issues is given. A survey of various RTM models developed in recent years by researchers in this eld are then presented. Finally, as an application, a novel two phase ow model, developed recently by the authors, is proposed to study the formation and migration of the macro voids, a major manufacturing problem. The unique feature of this model is the identi cation of local pressure as a major mobilization factor of these macro voids. It is demonstrated that the model is in good agreement with experimental results.
composites have been developed through experience and trial and error approaches. One problem with RTM as a composite fabrication technology is that the industrial experience base is limited. Recognition of the critical importance of processing in the manufacture of polymer composites has led to research in the areas of modeling and intelligent control. This work is particularly appropriate in RTM technology, since it o ers the opportunity to examine computationally the e ect of process parameters on component producibility.
Although it has been recognized that RTM has a high potential for cost e ective manufacturing of structural parts, there are still some limitations which restrict the range of successful industrial applications of RTM. One of the major limitations is product quality, which includes issues such as strength and durability, surface quality, and residual stress level of the nished part. These issues are closely related to the lling and curing process. For example, excessive residual stresses result from thermal gradients induced during the curing process. Improper design of the lling process, on the other hand, may lead to undesirable e ects such as: void formation due to air entrapment during ll, race tracking, and dry spot formation. These e ects will have a catastrophic in uence on the strength and durability of the nished parts and result in products with poor quality. The understanding of the relationship between those undesirable e ects and the lling process is therefore crucial for the manufacture of products with high quality.
The ll process itself has many important variables such as the ll rate (i.e., the driving pressure gradient), the capillary number, the resin-ber wettability, the contact angle, the ber preform characteristics, the uniformity of the preform permeability, especially at corners and edges, and the location of the inlet/outlet ports and their driving pressure histories.
In addition to these variables, the complex structure of the ber preforms also plays an important role in the ll process. The ber preforms are heterogeneous in nature, and may have random variations of porosity and permeability. Furthermore, the ber preforms consist of several distinct pore structures whose length scales vary by orders of magnitude. This hierarchial heterogeneous structure is partly responsible for the above undesirable e ects. A detailed analysis of this multiscale structure is important for successful modeling of the ll process.
One of the major quality concerns in the manufacture of parts through the RTM process is the formation of macro voids, or macro bubbles, during the ll process. The presence of macro voids in the nished part can reduce its strength and, for some applications, degrade its surface quality. It is therefore important to have an understanding of macro void formation and migration during the lling process and to have strategies to reduce the macro void content in the nished part to the extent possible.
In Section 2, an overview of the manufacturing process is given. The details of the manufacturing problems and the multiscale ber preform structure are described. In Section 3, we survey the various RTM models developed by researchers in this eld. They include one phase ow models, two phase ow models, the dual porosity models, and the air solubility (black oil) model. In Section 4, we present a two phase ow model which is applied to study the formation and migration of the macro voids. Our understanding that local pressure plays an important role for the mobilization of the macro voids leads us to develop a new relative permeability model which is crucial for successful modeling of the ll process. Numerical and experimental results are presented and it is demonstrated that the model is in good agreement with experimental results. In Section 5, we nish this paper with conclusions and possible directions for future work.
Manufacturing Process and Related Issues

Resin Transfer Molding Process
In the RTM process, dry ber reinforcement, or ber preform, is packed into a mold cavity which has the shape of the desired part. The mold is then closed. A liquid plastic resin is injected under pressure into the mold through one or more inlets. The liquid resin then penetrates the preform, displaces the air that is there initially, and impregnates, or wets, the ber tows. After the lling process is complete, the mold is heated and the part is cured so that the liquid resin sets (polymerizes) to become rigid plastic. After curing, the part is removed from the mold.
Multiscale Fiber Structure and Manufacturing Problems
The liquid resin lling of the mold packed with ber preform is a typical example of ow through a porous medium. Like other porous media ow problems, the resin lling process involves the interaction between the liquid phase (resin) and the porous medium ( ber preform) at a number of di erent length scales. The preforms of interest for aerospace applications are constructed from tows (yarn) of berglass or graphite that contain hundreds to thousands of laments. These ber laments are intertwined and twisted into ber tows, and the ber tows are woven into ber mats. The ber mats are pressed in layers into the mold form. This structure promotes the development of a heterogeneous ow eld that can result in air entrapment in the interstices of the ber structure.
To understand this heterogeneous ow behavior, it is therefore useful to consider the resin-ber interaction on four distinct length scales, namely, the length scales of the mold, the mat, the tow, and the lament. At the length scale of the mold, variations in local permeability, inappropriate inlet and outlet ports locations, or complicated geometry of the parts can result in non-uniform ow fronts and potentially large areas of dry preform after the ll process is complete. These so-called dry spots form a serious problem in the manufacturing of composite materials because it dramatically reduces the strength of the materials and may result in unacceptable products. An analysis of this macroscopic ll behavior provides information on the mold lling time as well as on the potential for large scale process defects.
Variation in permeability can also occur at the scale of the ber mat. When the mats are pressed into the mold, they may be compressed, bent, or stretched. As a result the contact between the layers of ber mats is not uniformly intimate. Furthermore, the contact between the edges of the ber mats and the mold wall may be imperfect. Such deformations result in variation of local permeability and can cause \race tracking" and \edge ow".
The third level of interaction occurs at the length scale of the ber tow. It has been observed that the heterogeneities at this length scale are responsible for the formation of macro voids, or macro bubbles, in the interstices of the tow structure. The macro voids, which are usually spherical in shape, are trapped between ber tows or across many ber laments. The presence of these voids is highly undesirable since it reduces the mechanical strength of the nished part. Experiments have shown that the inter-laminar strength of a graphite/PMR-15 polyimide matrix composite system laminate with a void content of 5% decreases in excess of 20% compared to a void free laminate 6].
The next level of interaction occurs at the length scale of the ber laments. At this length scale, the main issue is the resin ow inside individual ber tows and between ber laments. In the case of fast lling, resin ows much faster in the pore space between or around the ber tows than in the small interstitial space between the ber laments inside individual ber tows. This often results in trapping of small cylindrical air bubbles, or micro voids, inside the ber tows after the tows are bypassed by the surrounding resin.
The complex multiscale structure of the ber preforms used in RTM can lead to nonuniform ow patterns, and therefore require sophisticated mold design procedures to ensure successful lling process. Many models have been developed in the past to understand and improve the ll process and the design of molds. In the next section we give a survey on various RTM models.
3 Survey of RTM Models
One Phase Flow Models
Most of the modeling of the resin ll process 20, 9, 7, 24, 28, 27, 15, 11, 29, 8, 12, 16, 23] has been directed at the macroscopic ow behavior at large length scales, i.e., at the length scale of mold and ber mat. In many cases, single phase Darcy's law, with resin as the only phase, for incompressible ow through a porous medium is the basis of these ow models.
Darcy's law, in its simplest form, describes a linear relationship between the area-averaged volumetric ow rate (also called volumetric velocity or Darcy velocity) through an isotropic, homogeneous porous medium (e.g., preform) and the pressure di erence across that medium sustaining the ow.
The mathematical formulation of single phase Darcy's law is given by
where q is the volumetric velocity of the resin as it is injected through the ber preform, P is the driving pressure, and K is the conductivity, with K preform permeability and resin viscosity. The injection is usually modeled as a free boundary problem, with the resin front moving at the above Darcy velocity. The assumption of resin incompressibility leads to the continuity equation
It has been shown that these models are useful for understanding the macroscopic ow ll behavior as well as predicting macroscopic ow characteristics such as ow front location, mold lling time, and pressure distribution during mold lling. In spite of the importance of one phase porous media ow models, there are limitations to their applications. Since these models consider only the resin phase, the ow characteristics of the air phase are ignored. As a result, the formation and transport of the air bubbles trapped inside the ber structure cannot be modeled by them. Furthermore, the e ects of smaller scale (tow and lament) ow behavior are also ignored in these macroscopic ow models.
Two Phase Flow Models
Two phase ow models, which take into account the interaction between resin, air, and ber during the mold ll process, are a natural remedy for the limitations of the one phase ow models.
In a two phase RTM model, the main concern is the immiscible displacement, within the ber preform, of air by the resin. This type of problem is commonly found in the porous media ow and petroleum reservoir simulation literature 1, 5, 19] . In considering this displacement process it is assumed that there is no mass transfer between the two uids. It is also assumed, for the present, that capillary and gravitational e ects can be ignored. For simplicity it is further assumed that both phases are incompressible, and that all variables are constant in the thickness direction, i.e., a two dimensional incompressible two phase ow model is considered.
The ow equations combine mass conservation principles and Darcy's law 1, 5, 19] . Following the standard porous media ow notations, we let S r and S a denote the saturation of the resin phase and the air phase relative to the available pore space. For convenience we will use the subscripts r and a to represent the resin and air phase respectively. We assume that the two phases ll the available pore space so that
The equations that describe mass conservation for the resin and air phases are given by 
where r and a denote the phase viscosities, k rel,r and k rel,a denote relative phase permeabilities, P denotes the pressure, and K is the absolute preform permeability. For successful modeling of the RTM ll process, the modeling of the relative permeabilities k rel,r and k rel,a , which take values between 0 and 1, is critical. These relative permeabilities can depend strongly on the saturations S r and S a . The functional dependence between the relative permeabilities and the saturations, however, are not known for general porous media. Experimental and modeling e orts are therefore necessary to determine the relationship of these parameters to measurable process conditions.
In spite of the obvious advantages o ered by two phase ow models, very little research 14,25] has been performed in this direction. In Section 4, we present our work in applying a two phase ow model to study the formation and migration of the macro voids. A key part of our work is the relative permeability models we developed to determine the relationship between the relative permeabilities and other process parameters.
Dual Porosity Models
We have seen in Section 2.2 that, at the length scales of the ber tow and the ber lament, there are two distinct regimes of ow and transport, namely, inter-tow and intra-tow, of the resin and air.
The porosities and permeabilities of these two regimes di er by orders of magnitude. Dual porosity models are therefore very natural for the modeling of this kind of ow problem.
Dual porosity models have been used in the eld of petroleum reservoir simulation to study ow in fractured reservoirs 2, 3] . In this model, the ber preform is assumed to have two distinct pore structures: pore space between or around the ber tows (inter-tow region), and pore space between the ber laments inside the ber tows (intra-tow region). It is also assumed that in both regimes the resin ows are governed by mass conservation and Darcy's law, only with di erent porosities and permeabilities. Understanding the interaction between these two regimes is critical for successful modeling of the RTM process. Recent work 25] has used the dual porosity model to study formation and removal of macro and micro voids. More work is however required to fully utilize this model for the RTM process.
Air Solubility (Black Oil) Model
The air bubbles trapped within a ber tow are thin and cylindrical in shape, oriented parallel to the tow direction. Since the intra-tow permeability is very low, the ow velocity is low and insu cient to dislodge these bubbles. Air has some degree of solubility in the resin, and this solubility will in general be pressure dependent. Thus we propose a picture in which the air bubbles within the tow dissolve gradually into the slowly moving resin surrounding them inside the tow, especially as the pressure increases, and this air-rich resin then ows into the inter-tow space and eventually to the exit ports. Experiments performed at Northrup-Grumman are consistent with this picture. In these experiments, a displacing uid having the same index of refraction as the bers in the mat allowed ow visualization within the tows and through the multiple woven layers of bers. To model mass transfer between phases, a component model is needed 19] . Because there are only two uid phases, and only one component is involved in the mass transfer, the black oil model 26] (specialized to an oil-gas system) may be suitable for the RTM process.
In addition to solubility and mass transfer, capillary forces and surface tension can be signi cant in the air-resin-ber system. For typical ber systems, resin is the wetting uid. Use of a capillary pressure function 26] will give a continuum level modeling of the wetting zone at the edge of the advancing resin lling front, but as with other porous media ow problems, capillary pressure will not contribute greatly to micro-bubble mobility well behind the wetting front.
In the following we present the mathematical formulation of a two phase, two component black oil model which takes into account the mass transfer between di erent phases. Let the two phases be liquid and gaseous, and the two components be resin and air. We assume that air may dissolve in the liquid phase, and that resin does not evaporate into gaseous phase. We thus allow the gaseous phase to contain only the air component, while the liquid phase may contain both the resin and air components.
Several dimensionless numbers need to be de ned. Air solubility, R so , is de ned as the ratio of the volume of the air component (measured at some standard conditions) to the volume of the resin component contained in a given volume of the liquid phase taken at some pressure P . The formation volume factor for resin, B r , is de ned as the ratio of the volume of resin component plus its dissolved air component (measured at standard conditions) contained in a given volume of the liquid phase taken at some pressure P to the volume of the resin component measured at standard conditions. Furthermore, the air formation volume factor, B a , is de ned as the ratio of the volume of the air component taken at some pressure P to the volume of the same air measured at standard conditions.
For convenience we will use the subscripts r and a to represent the liquid and gaseous phase respectively. The equations that describe the mass conservation of each component are given by: (12) where r , a ,k rel,r , , k rel,a , P , and K are de ned in Section 3.2. Here we have B r 1, while B a and R so have signi cant dependence on P .
Although the black oil model equations are described in a form similar to that of the previous two phase ow models, the equation for the pressure is parabolic, instead of elliptic. For more details concerning the theoretical and computational aspects of the black oil model we refer the readers to 1,4,26].
Modeling of Macro Void Migration
Background
Various workers 22, 24, 29] have studied void formation that results from the heterogeneous resin ow eld. However, there has been little study connecting the microscopic ow behavior, i.e., at the length scale of the tow, to a continuum level descriptions such as Darcy's law-type ow model.
We are particularly interested in the formation and migration of the macro voids. It has been observed in experiments 10] that the formation of the macro voids is mainly due to the joining of the ow fronts along randomly located ber tows. Due to the heterogeneities in the ber preform on the length scale of the ber tow, a ngered resin ow front moves from the inlet port to the outlet port during the ow process. Resin ows faster in the region between the tows (inter-tow region) and along the tows which are parallel to the ow. On the other hand, it ows more slowly in the region inside the tows (intra-tow region) because of the smaller pore space available. When the ow front reaches transverse tows, the resin which ows along the parallel tows and that which ows along the transverse tows can form a bubble by engul ng an air pocket behind this front. It has also been observed in other experiments 21] that the void distribution has the following qualitative features:
1. The void content is highest at the resin front. At a certain distance behind the front the void fraction drops quickly.
2. Doubling the mold length leads to a similar void distribution over a range twice as wide. 3. Decreasing the outlet pressure while preserving the total pressure drop dramatically reduces the void content as well as the range over which the void content is signi cant.
These experimental observations suggest the following conceptual model of the mobilization and migration of macro voids. Macro voids are formed behind the leading resin ow front: there is a bubbly zone behind the front. Because of the size of these air bubbles, they may be initially immobile. As the lling process continues, the local pressure increases and these bubbles are compressed to a size that renders them mobile.
Based upon the above conceptual model, we propose a new macroscopic model to study the mobilization and migration of macro voids. An unsaturated two phase ow model, as described in Section 3.2, is used to describe the ow process. Since local pressure is considered as a key mobilizing factor, we introduce a pressure dependent residual air saturation which acts as the threshold of macro void mobilization. Residual saturation is common in the porous media ow literature 1, 5, 19] , but its pressure dependence is a novel aspect of this work.
The resulting model is able to describe the macroscopic ow behavior and the migration of the macro voids. Most important of all, it has the capability to predict the distribution of the macro void content of the nished part.
Model Equations
We rewrite the model equations given in Section 3.2 by introducing the total volumetric velocity q = q r + q a ; (13) and the fractional ow function of resin 
The resulting system of equations is 
This system is known as the Buckley-Leverett system 5,18]. Appropriate initial conditions are initial resin and air saturations. For the boundary conditions, a Dirichlet boundary condition (pressure held constant) is imposed at the inlet and outlet ports, whereas Neumann boundary condition (no ow) is assumed at the other boundaries.
The model equations imply that at any time there will be a sharp discontinuity, i.e., a shock, in the resin saturation at the resin front. The resin saturation ahead of this front is zero, while the resin saturation immediately behind the resin front is determined by conservation of resin volume 1]. The resin saturation behind the front increases continuously to 1 as the distance from the front increases, i.e., a rarefaction wave is formed behind the front.
Relative Permeability Models
We mentioned in Section 3.2 that the modeling of the relative permeabilities k rel,r and k rel,a is very essential for two phase ow models. In the following we present the relative permeability models for the migration of macro voids.
In the RTM process, resin saturations are typically high, i.e., greater than 90%, and vary over only a small range. A sensible assessment for the resin phase relative permeability k rel,r is that it is close to one in this range. Standard choices for k rel,r are linear (k rel,r (S r ) = S r ) and quadratic (k rel,r (S r ) = S 2 r ). The modeling of the relative permeability of the air phase is more subtle. We assume that, in the RTM process, bubbles are created during mold lling at the front at outlet pressure P out . The size of a bubble is on the order of a tow spacing, when formed, and the bubble may be immobile initially. However, in response to change in local resin pressure, its size decreases and its mobility is enhanced. Assume that the macro bubbles have, at origination, a constant volume V o , which is determined by the preform geometry but is independent of outlet pressure P out . If the bubble is large enough, it will stay in the same place but shrink in size as the resin pressure increases. In this simplest model, we assume that when the bubble size reaches a critical volume V c it becomes mobile. We assume that V c is a resin/air/ ber-preform property and independent of pressure. Assuming that surface tension can be ignored, so that the pressure in the bubble equals the pressure in the surrounding resin, and that the air in the macro bubble is an ideal gas, we obtain for a bubble at position x and time t: P (x; t) V (x; t) = P out V o ;
(18) where P (x; t) and V (x; t) denote the local pressure and bubble volume respectively. Therefore, there is a critical pressure P c required for the bubble to become mobile:
In particular, this critical pressure is linear in the outlet pressure, and there is a zone behind the resin front where the bubbles have not yet moved. At the boundary of this zone, in the resin-rich region, the pressure equals the critical pressure. The physical model implies that when the mold is lled and the resin is cured at a constant pressure P cure , the bubbles have not moved in a primary zone behind the front. Therefore, the void fraction in this zone will be constant. However since the bubbles are compressed by the cure pressure (typically di erent from the outlet pressure), the nal void fraction in this zone is then proportional to the outlet pressure.
The length l of the primary zone satis es the equation:
where L denotes the mold length and P ] denotes the pressure drop P in ? P out . In particular, the length of the primary zone is proportional to the outlet pressure P out and inversely proportional to the pressure drop P ]. The after-cure void fraction in the primary zone is proportional to P out P cure V o (21) and is linear in the outlet pressure. These considerations are key to our modeling of k rel,a and its functional dependencies. We take them into account in our macroscopic model by proposing a residual air saturation S a,resid (P) so that the mobility of the air phase is determined by S a ? S a,resid (P). One can think of S a,resid (P) as the saturation of the air located in the immobile bubbles.
First, we assume that S a,resid is a function of the rescaled pressure P where
We adopt as simple model for k rel,a that it depends only on air saturation and rescaled pressure:
k rel,a = k rel,a (S a ; P ) = k rel,a (S a,red ):
Here S a,red denotes the reduced saturation S a,red = S a ? S a,resid (P) 1 ? S a,resid (P) :
Standard choices for k rel,a are, either linear or quadratic in the reduced saturation. Equation (18) asserts that k rel,a depends on the reduced saturation alone and not on additional process conditions, such as pressure drop and outlet pressure.
The residual air saturation S a,resid (P) is relatively easy to measure. Suppose that resin is injected into an initial resin-free rectangular mold with inlet and outlet ports at either end. If inlet and outlet pressures are held constant and steady state has been reached through lengthy ushing. The macro void content at any given point will then be at the residual air saturation for the pressure at the given point, which remains to be determined through measurement or computation. Since the air saturations will be relatively small (10% or less), the resin saturation at steady state is in the range of 90% or more, and the pressure satis es the approximate equation: r (K r P ) = 0: (25) For a preform with constant absolute preform permeability K, the pressure then will vary (nearly) linearly through the mold, and is therefore easy to determine.
Numerical Results
In this section we will demonstrate that for RTM experiments, described in 21], the residual air saturation can be chosen to provide a good match to data. All the experiments were performed in rectangular molds, with inlet and outlet ports at either end. Resin was injected at the inlet port, and inlet and outlet pressures were held constant during the experiment. The experiment was stopped just when the resin front was about to leave the ber preform (at breakthrough). Care was taken that the resin did not cure during ll. The resin was cured at atmospheric pressure, and a void measurement was made at various cross sections in the mold.
There is one main distinction between the macro void content during the experiment and the measured values of the macro void content after the experiment. In the latter case, the resin is cured at a cure pressure that is constant through the mold, while during mold lling the pressure varies through the mold. At the beginning of cure, the bubbles change size because of the change from local pressure P to cure pressure P cure , and void fractions change accordingly.
Denote by V a the after-cure void fraction. It is measured experimentally as a function of the distance from the outlet, but can be thought of as a function of pressure, namely, the pressure just prior to raising to cure pressure. Section 4.3 asserts that V a depends on only the rescaled pressure P and that the relationship between V a and S a,resid is given by: P S a,resid (P) = P cure V a (P);
(26) where P cure = P cure P out :
Our procedure for matching S a,resid (P) to data is through a piecewise linear model for the aftercure void fraction V a (P), which requires three parameters: a maximum volume fraction V max , and rescaled pressures P 1 and P 2 . (See Figure 1. ) Besides S a,resid , the simulation model requires measurements of preform porosity ; preform permeability K; inlet and outlet pressures; resin viscosity r ; air viscosity a ; and relative permeabilities, k rel,a and k rel,r . Preform porosity, inlet and outlet pressures and resin viscosity were obtained through reported measurements. The preform permeability K determines the time scale for the numerical simulations and was not reported in 21]. We take the relative permeability of the resin phase to be quadratic in the resin saturation, and that of the air phase to be quadratic in the reduced air saturation as well.
The main additional model parameter is the ratio of viscosities r = a . This quantity controls the extent to which the numerical void fraction pro le approximates the one given by the residual saturation as a function of pressure. If this ratio is large, the rarefaction is hardly noticeable.
We compute the numerical solution for the modeling equations given in Section 4.2 through the front tracking method 17, 18] . The front tracking method has the distinguishing feature of preserving sharp interfaces throughout the simulation. It has been successfully applied to a number of applications, including two phase ow in porous media 13, 18] . Figure 2 demonstrates the t of this model, through a suitable choice of model parameters, to the experimental data from 21].
In Section 4.3 our relative permeability model predicts that the maximum void fraction V max in the primary zone is inversely proportional to P cure and that the factor of proportionality and the rescaled pressures P 1 and P 2 depend only on the ber preform architecture. Furthermore, we predict that length of the primary zone is inversely proportional to P ] P out and the factor of proportionality is also preform dependent.
We test our predictions by rescaling the after-cure macro void distribution in the following manner:
1. Rescale V max by a factor P cure . 2. Rescaled the normalized distance direction (from 0 to 1) by a factor: (27) Figure 1 : The piecewise linear model used to t the residual saturation to the experimental data. Shown is the model for the after-cure void fraction V a (P). The parameters are the maximum void fraction V max , and pressures P 1 and P 2 . The upper and lower limits of the pressure line are rescaled inlet pressure P in and rescaled outlet pressure P out = 1, respectively.
Note that the rescaling is essentially a transformation from normalized distances to rescaled pressures. Figure 3 shows the e ect of rescaling on these data.
Conclusions
In this paper we have indicated the role of mathematical modeling in improving the quality of products manufactured through RTM process. We have presented an overview of various models developed by many researchers in this eld to study the RTM lling process. One phase ow models, which are used by most of the researchers, are helpful in understanding the macroscopic ow ll behavior and predicting the formation of large scale manufacturing defects such as dry spots and race tracking. These models alone, however, are not capable of modeling the formation and transport of the macro and micro voids trapped inside the small scale ber structure. Two phase ow models, on the other hand, are able to consider the interaction between the resin, air and ber structure. These models require the input of parameters which are in general di cult to determine. Dual porosity models are promising because of their ability to deal with two di erent regimes with distinct ow characteristics. More work, however, is In these experiments, the pressure di erence between inlet and outlet was held at 5 atmospheres and the outlet pressure varied: 1, 0.5, and 0.3 atmosphere. The ber mat was a unidirectional fabric (Brochier Lyvertex 21130) at a ber volume fraction of 59%.
necessary to fully develop them for the RTM process. Finally, the air solubility (black oil) model appears to be a promising approach for the study of the migration of micro bubbles trapped within the ber tows since it takes into account the partial solubility of the air bubbles into the resin. We have developed a two phase ow model for the modeling of the RTM lling process. We apply the model to study the formation and migration of the macro voids. The model provides a means to improve RTM composite quality after the ll process has been completed which has not been previously suggested. The practical signi cance of the model is that it predicts a pressure dependence of the residual air saturation level in RTM processes. The implication is that an increase in local pressure will reduce macro voids through a mobilization of bubbles entrapped in the preform architecture. Thus, an increase in the exit side uid pressure in an RTM process after the ll is complete but before sealing the vents will improve material quality. Preliminary validation studies comparing the model with experimental results have shown good agreement. Additional validation work is required to examine the predictive quality of the models for other composite systems.
Finally we suggest some directions for future development. A promising approach is to combine our two phase ow model with the air solubility (black oil) model. In this approach we may develop a better model which can simulate the formation and migration of both the macro and micro voids. We plan to pursue these possibilities in future work.
